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Abstract text. 12 point, double-spaced. Maximum length 200 words.  
Ultrashort pulse lasers offer great promise for tissue resection with exceptional precision and 
minimal thermal damage. Surgery in the bowel requires high precision and minimal necrotic 
tissue to avoid severe complications such as perforation. The deployment of ultrashort lasers 
in minimally invasive or endoscopic procedures has been hindered by the lack of suitable 
optical fibres for high peak powers. However, recent developments of hollow core 
microstructured fibres provides potential for delivery of such pulses throughout the body. In 
this paper analysis of laser ablation via a scanning galvanometer on a porcine colon tissue 
model is presented. A thermally damaged region (<85 m) and fine depth control of ablation 
using the pulse energies 46 and 33 µJ are demonstrated. It is further demonstrated that such 
pulses suitable for precision porcine colon resection can be flexibly delivered via a hollow 
core negative curvature fibre (HC-NCF) and  again ablation depth can be controlled with a 
thermally damaged region  < 85 µm. Ablation volumes are comparable to that of early stage 
lesions in the inner lining of the colon.  This study concludes that the combination of 
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ultrashort pulses and flexible fibre delivery via HC-NCF present a viable route to new 
minimally invasive surgical procedures. 
1 INTRODUCTION 
 
Since 1960, lasers have been extensively used in the medical application areas such as laser 
therapy [1-3] , laser surgery [4-6] , and laser diagnosis [7-9] . Over the last few decades, 
picosecond (ps) and femtosecond (fs) lasers have been deployed in laser surgery research 
related to soft [10-13] and hard [14-15] tissue ablation. These lasers have the ability to offer 
precise and rapid resection with minimal thermal and mechanical damage to the adjacent 
tissue in the surgical zone [16]. In contrast, the continuous wave laser, long-pulsed laser, and 
electrocautery based conventional surgery techniques are all prone to significant thermal 
damage [17-18]. The light from a conventional long pulsed laser is absorbed by the superficial 
tissue layer. Thus, the absorbed laser pulses lead to an effective thermal resection with 
thermal damage to the adjacent healthy tissue in the order of 300 microns [17]. This surgical 
modality is not a good choice for intestinal surgery because the colonic polypectomy or local 
excision demands high precision and minimal thermal damage due to the thin walled structure 
of the bowel. Bowel perforation, as result of endoscopic or laparoscopic surgery, is 
considered one of the most severe post-surgery complications [19-20]. Precise control of the 
width of tissue damage and depth of resection are of paramount importance to avoid bowel 
perforation.  
     The application of plasma induced effects in surgery was initially reported by Krasnov 
[21] and Aron-Rosa et al. [22] . The use of long pulsed lasers for the endoscopic treatment of 
gastric tumours are also reported during the same period [23-24]. The surgeons have 
performed experimental studies on the bowel tissue of animals to assess the thermal damage 
mechanism and haemostasis ability of long-pulsed laser scalpels and electrocautery tools [25].  
They concluded that the thermal necrosis induced by these surgical modalities are similar in 
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nature. It is unsurprising therefore that established electrocautery based surgical procedures 
have continued as the standard method for colonic polypectomy and colon tumour resection 
because the long pulsed laser has no significant improvement in reducing thermal damage.  
Until recently, the implementation of ultrashort pulsed lasers in colon surgery or colonoscopy 
was impossible because of the lack of a suitable delivery optical fibre. Although silica is an 
ideal bio-inert material for clinical use, the low damage threshold and high nonlinearity 
prevents conventional solid core silica fibres from carrying these high energy laser pulses. 
Recently, the delivery of high peak power 1030 (up to 92 µJ pulse energy with a core 
diameter of ~38 µm) and 515 nm picosecond lasers via 8 cell silica hollow core negative 
curvature fibres (HC-NCF) has been demonstrated [26-27]. These fibres guide via the anti-
resonant reflecting optical waveguide (ARROW) mechanism [28]. The role of hollow core 
negative curvature fibre (HC-NCF) in industrial and medical applications has also been 
recently reported [29]. The experiments reported here were designed to investigate the pre-
clinical evaluation of a ps laser in colon tissue resection. Preliminary studies on colon tissue 
resection based on ultrafast laser pulses delivered via a galvanometer have been reported 
recently [30-31]. Researchers have been used multicore [32] and graded index multimode [33] 
fibres for the delivery of ultrashort pulse to demonstrate the laser ablation. Prior work has 
established pig tissue as an efficient medical model for several studies related to human 
diseases [34] and is consequently applied in porcine vocal fold tissue resection using 1.5 ps 
laser pulses delivered through kagome lattice hollow core photonic crystal fibre for 
microsurgery [35].  The microsurgery laser ablation on the vocal fold tissue has a depth and 
width of ablation of around 43 and 40 µm respectively at a pulse energy of 1.2 µJ.   
 
In contrast to previous work in fibre delivered ultrashort pulses for microsurgery of tissue [35-
36] the work reported here focusses on using longer, 6 ps, pulses for larger, mm scale, 
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ablation of tissue. These pulses are delivered using a HC-NCF which has favourable 
performance in terms of minimising nonlinear effects and bend losses. Pulse energies of up to 
28 µJ were successfully delivered to the porcine colon surface without any damage to the 
fibre. Using such pulses with a scanning modality the ablated zone width is approximately 25 
times that reported in the vocal fold microsurgery work described above. Additionally, the 
process developed here is more relevant to the size of early stage colonic lesions and polyps 
compared to previous microsurgery techniques. The aim was to able to resect such lesions and 
polyps from the inner lining tissue of the colon tissue by adopting a scanning strategy tailored 
to the size of the lesion.  
 
According to Cancer Research UK  data, the second highest number of cancer deaths in the 
United Kingdom occurs due to bowel cancer [37] . The early diagnosis and treatment of colon 
cancer its precursor, adenomatous polyps, are important to reduce the rate of mortality. The 
stages of colon cancer are determined by the extent of spread through the layers of the bowel 
wall and whether the localized tumour has spread to lymph nodes or distant organs. The 
surgical removal of colon polyps or cancers based on conventional techniques may lead to 
two of the most important post-surgery complications, bleeding and perforation [38].  In this 
paper we demonstrate the relevance of ultrafast laser in colon tissue resection for minimal 
perforation or thermal damage. Figure 1 shows a schematic of the colon structure. The 
innermost layer of the colon is known as the mucosa, which consists of epithelial cells 
arranged in crypts, connective tissues and a thin smooth muscle layer at the base. The 
submucosa consists of connective tissue containing blood vessels, lymphatic vessels and 
nerves. The muscularis propria is the main muscle layer of the bowel and has an inner circular 
and an outer longitudinal layer. The outermost adventitia or sub serosa is composed of 
connective tissue with the larger blood and lymphatic vessels along with lymph nodes. Our 
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objective is to resect colonic polyps or cancer cells in the mucosa and submucosa, i.e. the area 
in between the two red circles in Figure 1. 
 
   The high peak intensity (>10
11
 W/cm
2
) of the picosecond laser at the tissue surface means 
that the light is strongly absorbed via nonlinear processes, generating a plasma. Once initiated 
the plasma absorbs the rest of the laser energy and efficaciously couples the energy to the 
tissue to create a non-thermal surgical effect [39] and hence tissue resection with precise 
crater size, shape, depth and minimal thermal damage. This study investigates the depth of 
this tissue resection and width of thermal necrosis as a function of pulse energy and laser 
fluence with constant pulse repetition rate (PRR) and pulse overlap in an ex-vivo porcine 
model using a scanning galvanometer and fibre optic system. The histology and three 
dimensional (3D) optical profilometric results of the surgical zone are used to analyze the 
effect of laser parameters in tissue ablation.  
 
                             Figure 1 Schematic representation of colon tissue layers. 
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2 MATERIALS AND METHODS 
2.1 Experimental systems for fibre delivered and direct laser resection of porcine colon 
 
 
Figure 2 Schematic of the laser system for fibre delivered pulses for tissue resection 
 
 
Figure 3 Schematic of the laser system for direct laser resection of tissue a) Schematic of the 
spiral scan pattern at the colon tissue surface during picosecond laser ablation  
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Figure 2 shows the experimental system for the tissue resection using fibre delivered 
ultrashort pulses (USPs). An industrial laser (Light Conversion CARBIDE) with a central 
wavelength of 1028±5 nm, a range of base repetition rates from 60 kHz to 1 MHz and a 
tunable pulse width ranging from 232 fs to 10 ps was used. A maximum average power of 5 
W and a base repetition rate of 60 kHz was used for the application. The experiment was 
conducted using a 6 ps pulse width to avoid the nonlinear effects in the fibre observed when 
delivering similar pulse energies in the femtosecond regime.  The axial displacement of the 
tissue was achieved by a manual lab jack connected with a dial gauge to find accurate focus. 
The fibre end probe (consisting of focusing optics) is attached to the movable arm of the 
multi-axis robotic device (AxiDraw V3), The fibre end probe consists of a ~77 mm long 
slotted lens tube, a fibre connector and its adaptor, retaining rings and a plano convex lens 
with 20 mm focal length. The cleaved output end of the 1.5 meter long HC-NCF was 
connected to the fibre connector and was attached to the lens tube using an adaptor. The 
focussing optics had minimal effect on the pulse energy/fluence transmitted through the fibre. 
The laser pulse energy without the focusing optics was ~29 µJ and after the 20 mm lens the 
pulse energy was reduced to ~28 µJ. During the scanning process, there was no relative 
movement of the focussing optics and fibre, which ensured uniformity of the laser pulse 
energy/fluence distribution on tissue surface.  The experimental system used to investigate 
direct laser ablation of colon tissue using the same laser is shown in Figure 3. This uses a 
galvanometer scanhead plus F-theta lens of focal length 100 mm, and Figure 3a shows the 
spiral scan pattern that is employed in this case.  
 
2.2 High peak power pulse delivery through HC-NCF 
 
A
cc
ep
te
d 
A
rti
cl
e
This article is protected by copyright. All rights reserved.
  
8 
 
   When transmitting USPs through the solid core fibres, pulse distortions occur as a 
consequence of the nonlinear effects generated in the fibre such as self-phase modulation and 
self-focusing [40-41]. Conversely the proposed HC-NCF guides the laser light through the air 
core based on anti-resonant reflecting optical waveguide (ARROW) technique [28]. The 
hollow core minimizes the nonlinear effects in the fibre due to high peak power pulse delivery, 
and provides a much higher damage threshold than a solid core fibre. However, the 
optimization of the power delivered through the HC-NCF is challenging due to the low 
numerical aperture (0.044) and small core diameter of the fibre (~21 µm). If not correctly 
aligned, the high peak power pulses induce damage at the light coupling end face of the fibre.  
 
 
Figure 4 Seven cell NC-HCF fibre (a) cleaved laser launching surface (b) damaged surface 
(c) image of light confined in a single mode at the end face of HC-NCF (20x zoomed image) 
(d) single mode beam at the focus of 20 mm focal length lens (20x zoomed image) placed 
after the HC-NCF. 
 
   In order to achieve a high coupling efficiency it is necessary to have a high quality cleaved 
fibre end, whilst matching the mode field diameter (MFD) and numerical aperture (NA) of the 
input beam with that of the fibre. The Figure 4a shows the cleaved end face of the HC-NCF at 
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the laser coupling side. Figure 4c shows the light confinement of the single mode beam in the 
core of the fibre and Figure 4d shows the single mode beam at the focus. The minimum 
bending radius used for this experiment was 20 mm. It has been previously reported that the 
minimum bend radius of the HC-NCF before resonant bend loss occurs is 7.5 mm [42]. The 
minimum bending radius of a typical colonoscope is around 25 mm [43] determined using 
bend sensors in a standard colonoscopy training model. The power output and the single mode 
profile at 20 mm bending radius of the HC-NCF is presented in figure 4. At this bend radius 
laser power transmission is not affected, which is evident in figure 5.  
 
We repeatedly achieved a coupling efficiency of ~70% without damage to the fibre. Figure 5 
shows the coupling efficiency plot of the 7cell HC-NCF and shows a coupling efficiency of 
70 % from the laser to the fibre up to the input pulse energy of approximately 42 µJ and peak 
power of 7 MW. At approximately 50 µJ the onset of damage to the input facet of the fibre 
occurs and is observed by the fact that the output energy no longer increases with increasing 
input energy.  At an input pulse energy of 71 µJ (peak power of 11.8 MW) total destruction of 
the core and cladding structure occurs shown in Figure 4b and the fibre is no longer able to 
guide the laser pulses. Therefore, for these experiments the practical input energy was limited 
to less than 50 µJ.  Power stability experiments for the HC-NCF were carried out at maximum 
output power, without any damage to fibre, for up to 2 hours. During this period output power 
varied between 1.747 and 1.742 W. 
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Figure 5 Coupling efficiency plot of 7 cell HC-NCF 
   An autocorrelator was used to measure the pulse length of the laser beam directly output 
from the laser, and after it has been delivered through 1.5 m of the HC-NCF, to assess fibre 
dispersion. The results are shown in Figure 6, demonstrating that any dispersion effect is 
minimal in this length of fibre for a ~29 µJ pulse. The actual pulse width is 0.65 times the 
width of autocorrelation traces [44]. Meanwhile, the spectral content of the laser and the fibre 
delivered beams is shown in Figure 7; the minimal difference demonstrates that nonlinear 
effects such as soliton formation, self-focusing or Raman scattering do not occur in this fibre 
[45-47]. However, a slight shift in the centre wavelength is noted, likely due to the non-
uniform attenuation of the HC-NCF at the wavelength of interest (measured).  
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Figure 6 Autocorrelation traces of picosecond laser beam (FWHM = 6ps) with an input pulse 
energy of ~42 µJ corresponding to ~29 µJ delivered from the output of the HC-NCF (Blue 
line) showing no significant pulse broadening. 
 
 
Figure 7 Optical spectra of laser beam of 6 ps pulse width and 42 µJ pulse energy. 1.5 meter 
long HC-NCF delivered beam with 6 ps pulse width and ~29 µJ pulse energy (blue line). 
A
cc
ep
te
d 
A
rti
cl
e
This article is protected by copyright. All rights reserved.
  
12 
 
2.3 Sample preparation                          
 
    For the experimental work pig colon tissue samples were extracted from mature pigs 
immediately after postmortem and stored in phosphate buffered saline (PBS) solution. Laser 
processing was carried out no longer than 48 hours of postmortem to ensure that the tissue 
was still viable and subsequent histological observations would be clinically relevant.  Post 
laser processing, one set of samples fixed in 4% aqueous solution of formaldehyde were 
embedded into paraffin wax by standard procedures. Sections cut at 4 microns onto glass 
microscope slides and stained with Haemotoxylin and eosin were used for histological 
analysis in order to measure the dimensions of the laser excision and width of coagulated 
necrosis. Another set of samples were used for microscopic studies after glutaraldehyde 
fixation. All experimental procedures were conducted according to the protocols approved by 
the Heriot Watt University ethics committee on biological tissue handling. 
 
 
2.4 Experimental methodology 
     For direct laser resection of colon tissue via the galvanometer, a spiral scan pattern of 2 
mm
 
diameter on the tissue surface was used to ablate tissue with approximately 90% pulse 
overlap in the laser scanning and line separation direction. A laser PRR of 10 kHz was used, 
with pulse energies of both 46 and 33 µJ, and corresponding fluences of 18, 13 J/cm
2 
respectively. These pulse energies were selected because of the fluence generated for this 
ablation was close to the fluence used for the fibre based colon resection. These experiments 
were mainly focused on assessing the ablation depth and thermal damage according to the 
change in laser pulse energy and average laser fluence. The spot size was verified using a 
scanning slit beam profilometer (DataRay, Beam Map2). Using the f-theta lens the focussed 
spot diameter was measured as 18 µm. All laser fluences were calculated using Eq. (1) [48]. 
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⁄                                                                                (1) 
where Ep is the pulse energy and ω0 is the radius of the spot size at the tissue surface. 
 
In HC-NCF delivered laser pulse resection of colon, the fibre end probe was connected to the 
XYZ multi-axis robotic device controlled by a software package (Inkscape). For the HC-NCF 
delivered laser pulse ablation trials, a spiral scan pattern of 1 mm diameter was performed on 
the surface of the porcine colon. This experiment was carried out at 10 kHz PRR to achieve 
approximately 90% pulse overlap in laser line separation and scanning direction (to match 
that used in the galvanometer experiments). Using 10 kHz PRR, the multi axis robotic device 
can be moved at a speed that avoids unwanted vibrations. Using a higher PRR requires the 
device to be moved at higher speeds (to maintain the correct pulse separation) where 
significant vibration occurs.  Three outward spiral patterns were performed on the tissue 
surface with laser fluence of approximately 21, 14 and 7 J/cm
2
 respectively, providing similar 
conditions to the fibre delivered laser ablation trials.  
For both the above experiments the focal position of the laser on the tissue surface was 
located first, before carrying out a scanning pattern, by using a series of single pass ablation 
lines whilst varying the separation between the tissue sample and the final focussing lens.  
 
2.5 Profilometric characterization of tissue samples 
 
   An Alicona Infinite Focus profilometer is used to examine the depth profile and the three 
dimensional (3D) surface profile of surgical zone in the tissue sample [49].  A
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Figure 8 (a) and (b) Three-dimensional surface profile of the laser ablated zone, (c) and (d) 
orthogonal depth profiles of the same crater. 
 
   In Figure 8, 8a shows the 3D profile of the laser ablated zone created using the multi axis 
fibre scanning system with 7 J/cm
2
 laser fluence, 90% pulse overlap in the 1 mm diameter 
spiral scan pattern. Figure 8c and 8d shows the orthogonal cross sections of the surgical zone 
and the depth profile measured through the centre of the cavity. The lines c1 and d1 through 
the centre of the crater represent the depth profiles 8c and 8d respectively.  The average depth 
and standard deviation of the ablated zone was calculated by taking the mean value of the 
individual average depth and standard deviation of horizontal and vertical depth profiles.  
 
3 RESULTS AND DISCUSSION 
   The histology images are helpful for identifying tissue damage and ablation depth after the 
laser resection of colon tissue. Such histology results are used in the literature to prove the 
efficiency of the laser ablation [50-52] . The ablation depth and width of thermal damage was 
analysed in relation to applied laser fluence.  Figure 9 shows the histological pattern of laser 
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resected colon and the corresponding surface profile.  The mucosal layer has been completely 
removed with a fluence of 13 J/cm
2
, while some of the submucosal area is also resected at the 
higher laser fluence (i.e. 18 J/cm
2
), this is evident in the histology pattern. Figure 9 also shows 
the depth over the ablated region but it should be noted that some shrinkage of the 
profilometric samples occurred due to the glutaraldehyde fixation process. The white regions 
on the 3D images are missing data points which is a limitation of the device where it becomes 
difficult to receive reflected light signals from the sample areas which have a high slope angle 
or large height differences in the ablated region [49]. The average depths of 0.55±0.18 and 
0.44±0.16 mm are achieved at 18 and 13 J/cm
2
 laser fluence respectively. The standard 
deviation values depend on the uneven bottom surface of the crater. The depth of the laser 
ablated zones are indicated on the false colour scale bars. The change in ablation depth 
according to the laser pulse energy at 1 kHz of porcine colon has also been reported [30]. The 
results at 10 kHz and those previously reported at 1 kHz [30] confirm that the resection is 
controllable by adjusting the pulse energy and laser fluence with a minimal heat affected zone 
and hence demonstrates the viability for precision tissue resection. In 2016, Kaushik et. al. 
used a 100 µm thick porcine vocal fold tissue to investigate the ultrafast laser ablation 
characteristics. A laser with a pulse width of 1.5 ps, PRR of 303 kHz and wavelength of 776 
nm was used to ablate the tissue with a maximum fluence of 7.8 J/cm
2
. The laser was 
transmitted through a kagome fibre optic probe, which was used to generate a lissajous pattern 
on the tissue surface at a frequency of approximately 1 kHz. However, no histology results are 
provided with this work so it is not possible to evaluate the impact on underlying tissue in a 
clinically relevant context and in particular assess the extent of the thermally damaged region 
[35]. Earlier research has shown a significantly larger width of thermal necrosis induced by 
conventional surgical devices such as electrocautery (456 µm) [53], harmonic scalpel (690 
µm) and CO2 laser (300 µm) [17]. In contrast, the histology results presented here, as shown 
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in Figure 9, demonstrate that a thermally damaged region of less than 85 µm and a maximum 
ablation rate of 1.07 mm
3
/minute are achievable with picosecond laser resection of porcine 
colon. The ablation rate has been calculated using the ratio of volume of the crater to the total 
time taken for ablation. 
 
Figure 9 Haemotoxylin and eosin (H&E) stained images and 3D profilometric images of laser 
ablated zones in different tissues using same laser parameters. The applied laser fluences are    
a & c) 18 J/cm
2
 b & d) 13 J/cm
2
  
 
  The results obtained from the galvanometer at 10 kHz (Figure 9) demonstrate that precise 
tissue ablation with limited necrosis to the surrounding tissue was possible using 6 ps pulses. 
However, in order to demonstrate a more surgically relevant modality demonstration of the 
tissue ablation was carried using the flexible HC-NCF to deliver pulses to tissue. During the 
laser ablation the fibre is manipulated via multi-axis robotic device to mimic a more practical 
arrangement that might be expected during a surgical procedure in an operating theatre. In a 
practical setup the laser would need to be located remotely from the patient on the operating 
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table. The fibre would then need to allow an arbitrary path to be followed around the theatre 
(likely to be a few metres from the laser to the endoscopic device) to avoid other pieces of 
equipment and not get in the way of the medical staff. The end of the fibre would be guided 
down the endoscope to the surgical site (in the colon for example). The fibre end-tip would 
then be manipulated or repeatedly scanned (rastered) over small distances (in the order of a 
few mm) during the surgical procedure. The experimental set-up (as shown in Figure 2) 
simulates this practical arrangement. 
  In the tissue resection experiments based on HC-NCF, the laser pulse energy measured after 
the focus lens in the fibre end probe was approximately 28 µJ. Using the spiral scanning 
pattern described above tissue resection was performed with the fibre delivered pulses. It is 
evident from the profilometric and histology analysis (Figure 10) of the laser ablated tissue, 
that the laser pulses transmitted through the HC-NCF are capable of precisely excising the 
biological tissue. The maximum ablation rate achieved for hollow core fibre based ablation 
was 0.17 mm
3
/ minute. The measured Rayleigh length for f-theta lens and fibre probe lens 
were ~300 and 135 µm respectively.  
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Figure 10 The 3D profilometric image of laser ablated area using HC-NCF delivered pulses 
on porcine colon samples and histology results of laser ablated area in different tissue sample 
with same laser parameters a) 21 J/cm
2
 b) 14 J/cm
2
 and c) 7 J/cm
2
 laser fluences. The black 
line on the image is an artefact after the preparation of sample for histology. The expanded 
view of maximum thermal damage in each laser ablated tissue area is presented at the bottom 
of the figure. 
 
  The images in Figure 10 d, e and f are the H&E stained images of laser resected sections, 
which demonstrate that the maximum width of thermal necrosis was always less than 85 µm 
in this experiment. In colon tissue, thermal damage of approximately 84 µm, 65 µm and 30 
µm are observed in laser fluence operations of 21 J/cm
2
, 14 J/cm
2
 and 7 J/cm
2 
respectively. 
The maximum width of thermal damage is marked in the corresponding zoomed images 
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(bottom three pictures of Figure 10). Nevertheless, the results presented, and in particular the 
ablation represented in Figure 10c and 10f, clearly demonstrate that it is possible to perform 
selective tissue surgery with negligible tissue damage (down to 30 µm) via the HC-NCF 
delivered pulses. The highest average ablation depth of 169±56 µm achieved at 21 J/cm2 laser 
fluence and the lowest ablation depth of 87±28 µm achieved at 7 J/cm2 laser fluence. The 
samples used for the 3D profilometry were geometrically distorted after the glutaraldehyde 
fixation, which is evident in figure 10 a and b. In the fibre delivered pulse ablation experiment, 
the removal of mucosal tissue was achieved. This depth of ablation is commensurate with the 
region in the colon where the early stage cancerous polyps develop [54-55]. The spiral pattern 
enabled an area similar in size to early stage lesions to be scanned whilst maintaining 
continuous scanning of laser pulses. Also, these fibre delivered results compare well with 
those produced using the galvanometer scheme. However, it should be noted that there is a 
difference in ablation depth, when using approximately similar fluences, between the direct 
(galvanometer) and fibre delivered laser experiments which is attributed to the difference in 
depth of focus. The galvanometer uses a 100 mm focal length lens whereas a 20 mm focal 
length lens is used for the fibre delivered laser ablation. In addition, it should be highlighted 
that the diameter of the raster scan pattern performed by galvanometer was twice that of the 
diameter of the raster scan pattern performed by the multiaxis fibre scanner. Nevertheless, the 
results presented here are a clear demonstration that this precision surgical modality could be 
transferable to the clinic using a delivery scheme based on HC-NCF.   
 
One benefit of using the HC-NCF reported in this study, and using pulse widths of 6 ps, is the 
capability to mitigate the nonlinear effects when transmitting ultrashort pulses. In [36], the 
photonic bandgap fibre used exhibited nonlinear effects for delivery of 1.5 ps pulses. A 
maximum pulse energy of 2 µJ was achieved before damage of the fibre compared to stable 
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delivery of 29 µJ for the HC-NCF. In [35] the delivery was limited to 1.4 µJ due to nonlinear 
effects of the fibre and ZnS lenses. Up to 4 µJ pulse energy could be transmitted through fibre 
and hence it was necessary to keep the focused spot size small (4.5 µm diameter) in order to 
generate high fluences required for ablation. Both [35] and [36] focus on microsurgery 
applications whereas the specific aim this study is resection of tissue at the mm
3
 volume level. 
This is particularly relevant for the scale of early stage colonic tumours and hence it is clear 
from this study that using 6 ps pulses, delivered by a flexible HC-NCF, has potential for 
developing procedures that could successfully improve surgical treatment of such diseases. 
 
4 CONCLUSION 
    In this study, it was demonstrated that ultrafast laser pulses are suitable for colon tissue 
ablation with a necrotic tissue width of < 85 µm. Average depths of 0.55±0.18 and 0.44±0.16 
mm are achieved at 18 and 13 J/cm
2
 laser fluence respectively. The HC-NCF can transmit 6 
ps laser pulses with a maximum of 42 µJ pulse energy and delivered single mode laser beam 
of 29 µJ pulse energy without any change in 70% coupling efficiency, spectral quality and 
temporal quality of the pulse. The suitability of fibre delivered ultrafast laser beam in tissue 
surgery was established with a maximum average depth of 169±56 µm achieved at 21 J/cm2 
laser fluence and a minimum average depth of 87±28 µm achieved at 7 J/cm2 laser fluence. In 
this experiment it was also demonstrated that the maximum width of thermal necrosis is < 85 
µm. The relationship between laser fluence and ablation depth are very similar for both direct 
laser ablation and fibre delivered laser ablation. This indicates that this fibre based laser 
scalpel has the capability to excise early stage lesions in the inner lining of the bowel. In 
conclusion, a promising route towards implementing ps laser surgery in a minimally invasive 
modality via HC-NCF has been demonstrated. 
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